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Abstract The interaction between the peptide hormone motilin
and bicelles has been investigated by pulsed ¢eld gradient-nu-
clear magnetic resonance methods and by the use of paramag-
netic probes. Di¡usion coe⁄cients were measured for motilin,
the phospholipids with and without motilin, and for tetramethyl-
silane. The results show that around 90% of motilin is bound to
acidic bicelles and 84% of motilin is bound to neutral bicelles. It
is found that the apparent bicelle size is reduced by the presence
of motilin. This cannot be explained by changes in 1,2-dihexa-
noyl-sn-glycero-3-phosphatidylcholine solubility. The use of par-
amagnetic agents to investigate the position of motilin shows
that the turn in the N-terminus of motilin is inserted into the
bicelle, while the helix most likely resides within the head-group
layer.
, 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
Solution state nuclear magnetic resonance (NMR) studies
of peptide^membrane interactions generally require the usage
of a membrane-mimetic. The isotropic disk-shaped two-com-
ponent micelles, bicelles, rotate rapidly enough for solution
state NMR spectroscopy, but also have a membrane-like bi-
layer region [1,2]. The latter is a great advantage over micelles,
which have been shown to induce curvature in interacting
peptides [3] not native to the peptide. The bicelles are versatile
and can be formed in a large array of sizes and compositions,
making them suitable for a wide range of di¡erent types of
applications.
In this study the interaction between the 22 amino acids
long peptide hormone motilin and acidic bicelles [4] is inves-
tigated by solution NMR. Motilin is mainly found in the
vertebrate gut where it interacts with the membrane prior to
binding to the G protein-coupled motilin receptor [5]. Human
motilin has the sequence FVPIFTYGELQRMQEKERN-
KGQ and the structure has previously been studied in di¡er-
ent membrane-mimetic media, such as sodium dodecyl sulfate
(SDS) micelles [6] and acidic bicelles [7]. The consensus struc-
ture is mainly composed of a C-terminal K-helix, comprising
residues Glu9^Arg18, with a hydrophobic stretch forming a
turn, involving residues Pro3^Thr6, preceding the helix.
In order to accurately understand the nature of the motilin^
membrane interaction it is important to study the position of
the peptide within the membrane, as well as the extent of the
peptide^membrane binding. In this study we therefore con-
ducted pulsed ¢eld gradient (PFG) experiments to measure
translational di¡usion for motilin in di¡erent bicellar systems.
Such data can be used to evaluate the extent of the motilin^
bicelle interaction and the investigations were made to study
e¡ects of charge on motilin^bicelle binding, and motilin-in-
duced changes in bicelle composition. We also investigated
the position of the peptide in acidic bicelles (q=0.5,
[DMPG]/([DMPC]+[DMPG]) = 0.3) by the use of two para-
magnetic probes (Mn2þ ions and palmitoyl-stereoyl(5-doxyl)-
sn-glycero-3-phosphocholine).
2. Materials and methods
2.1. Materials
Commercial motilin was obtained from Neosystem Labs and used as
received. Phospholipids, dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC), dimyristoyl-sn-glycero-phosphatidyl-3-glycerol (DMPG), di-
hexanoyl-sn-glycero-3-phosphatidylcholine (DHPC) and palmitoyl-
stereoyl(5-doxyl)-sn-glycero-3-phosphocholine were obtained from
Avanti Lipids or Larodan. Deuterated phospholipids 2H54-DMPC,
2H54-DMPG and 2H22-DHPC were used for two-dimensional total
correlation spectroscopy (TOCSY) experiments and non-deuterated
lipids were used in the di¡usion experiments. Samples were prepared
according to Andersson and Ma«ler [7] to produce bicelles with q=0.5
and with a peptide concentration of 3 mM. Negatively charged bi-
celles were obtained by substituting 30% of the DMPC for DMPG.
Di¡usion experiments were carried out in 99% 2H2O.
2.2. Circular dichroism (CD) spectroscopy
CD spectra were recorded on a Jasco J-720 spectropolarimeter us-
ing a 0.05 mm quartz cuvette. Wavelengths ranging from 180 to 250
nm were measured, with a 0.2 nm step resolution and 100 nm/min
speed. Spectra were averaged over eight scans. The K-helical content
was established from the amplitude at 222 nm as previously described
[8].
2.3. NMR spectroscopy
All spectra were recorded using a Varian Inova spectrometer, oper-
ating at 600 MHz 1H frequency, using a triple resonance probe head.
All experiments were recorded at 37‡C. Translational di¡usion experi-
ments were carried out using the modi¢ed Stejskal^Tanner spin echo
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experiment with a gradient prepulse [9^11]. The PFG was used with a
maximum power of 60 G/cm. Typically a total of 32 transients were
recorded in the di¡usion experiments to achieve a good signal to noise
ratio. The PFG di¡usion measurements were carried out using ¢xed
time intervals and 30 linearly incremented power levels, from 1/30 to
maximum power. Problems with non-linear gradients were accounted
for according to Damberg et al. [12].
The e¡ects of the paramagnetic probes were monitored with
TOCSY spectra [13] using a mixing time of 60 ms. The TOCSY
experiments were recorded in pure absorption mode using the States
method [14], typically as 2048U256 complex points data sets. Data
processing included zero ¢lling to 4096 points in both dimensions.
Low-power presaturation on the water frequency was used to reduce
the water signal.
2.4. Analysis of di¡usion measurements
The di¡usion data were analyzed by ¢tting peak integrals to the
modi¢ed Stejskal^Tanner equation according to Damberg et al. [12].
1% 1H2O was added to all samples in order to estimate viscosity by
measuring HDO di¡usion. In samples containing mixtures of phos-
pholipids and motilin, speci¢c signals for each molecule were selected
to calculate di¡usion constants. Tetramethylsilane (TMS) was added
to probe the bicelle environment [15]. Di¡usion measurements for
samples containing di¡erent concentrations of DHPC were carried
out in order to estimate possible formation of DHPC micelles in
the bicelle solution. The measurements on DHPC were carried out
below and above the estimated critical micelle concentration (cmc) of
V15 mM [16].
2.5. Spin label experiments
To investigate the position of motilin within the bicelles paramag-
netic agents were used. Two probes were utilized, Mn2þ ions (250, 500
and 750 WM) and 1 mM palmitoyl-stereoyl(5-doxyl)-sn-glycero-3-
phosphocholine. The paramagnetic probes were added to samples
containing 3 mM motilin in 300 mM bicelle solution. 2D TOCSY
experiments with and without the probes were used to monitor the
e¡ects of the paramagnetic probes.
3. Results
3.1. Translational di¡usion
Translational di¡usion coe⁄cients, measured from PFG ex-
periments, were obtained for motilin in bu¡er, for motilin in
the presence of acidic and neutral bicellar solutions, for acidic
and neutral bicelle mixtures and for samples containing vary-
ing amounts of DHPC (Tables 1 and 2). The aromatic region
of the motilin spectrum was used to monitor motilin di¡usion
but no signi¢cant di¡erences in di¡usion constants were ob-
served if other parts of the spectrum were used. The methyl
group protons of the fatty acid chains of DHPC and DMPC/
DMPG, and the TMS signal were used to monitor bicelle
di¡usion. Small systematic deviations from exponential decay
[12] were observed for lipid signals and TMS in the bicelle
samples, indicating several states for the bicelles, but not for
motilin or water.
The di¡usion coe⁄cients of TMS and DHPC are larger
than for the long-chained phospholipids in both acidic and
neutral bicellar solutions, indicating that these molecular spe-
cies exist in at least two states. Signi¢cant di¡erences are also
observed in the di¡usion coe⁄cients for motilin and the long-
chained phospholipids. The apparent di¡usion constant for
motilin is almost a factor of two larger than what is seen
for DMPC/DMPG in acidic bicelles (Table 1). Another inter-
esting result is that the di¡usion of the long-chained phospho-
lipids seems faster in the presence of motilin, indicating that
motilin a¡ects the bicelles to apparently become on average
smaller.
In order to investigate the in£uence of the distribution of
DHPC in solution and in micelles, experiments on samples
containing varying amounts of DHPC were conducted. As
seen in Table 2, the measured di¡usion constants for DHPC
decrease as expected with increasing DHPC concentrations,
with a large decrease observed above the cmc. Furthermore,
the di¡usion coe⁄cient for TMS dissolved in DHPC indicates
that TMS induces micelle formation, as the DHPC di¡usion
becomes slower in the presence of TMS than without TMS.
3.2. Calculating the amount of motilin and DHPC bound to
the bicelles
If a two-state exchange process is assumed between bicelle-
bound peptide and peptide in solution, it is possible to calcu-
late the amount that is bound by measuring the translational
Table 1
Translational di¡usion constants measured for motilin and the phospholipids in acidic and neutral q=0.5 bicellar solution
Sample Dobs (U10311 m2/s)
Motilina DMPC or DMPC/PGb DHPCb TMS HDO
Motilin in bu¡er 21.1T 0.2 253T 3
Motilin in acidic bicelles 4.7 T 0.1 2.6T 0.1 5.1 T 0.1 3.3T 0.1 235T 1
Acidic bicelles 2.2T 0.1 4.9 T 0.1 3.0T 0.1 231T 2
Motilin in neutral bicelles 6.1 T 0.1 2.8T 0.2 4.9 T 0.1 3.3T 0.1 230T 2
Neutral bicelles 2.1T 0.1 4.6 T 0.1 3.0T 0.1 234T 1
aBased on measurements for the aromatic signals.
bBased on measurements for the methyl signal of the aliphatic chain of the phospholipid.
Table 2
Measured translational di¡usion constants for DHPC in solution
Sample Dobs (U10311 m2/s)
DHPCa TMS HDO
5 mM DHPC 56.8T 0.7 261T 3
10 mM DHPC 54.0T 0.4 266T 3
20 mM DHPC 42.1T 0.2
20 mM DHPC+0.5 mM TMS 39.5T 0.1 36.4T 0.1 278T 4
40 mM DHPC+0.5 mM TMS 28.8T 0.1 22.1T 0.1 294T 9
aBased on measurements for the methyl signal of the aliphatic chain of the phospholipid.
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di¡usion constants for the di¡erent molecular species [17]. By
using the di¡usion rates of the long-chained phospholipids as
indicators for bicelle di¡usion and by measuring the di¡usion
of the free peptide and DHPC, the populations of free and
bicelle-bound molecules can be estimated from
xDbound þ ð13xÞDfree DH2O; complexDH2O; free
 
¼ Dcomplex ð1Þ
where x is the amount of molecules bound to the bicelles,
Dbound is the di¡usion constant for DMPC/DMPG, Dfree is
the di¡usion constant for the free molecule, i.e. DHPC or
motilin, and Dcomplex is the di¡usion constant for the molecule
in the presence of bicelles. The di¡usion coe⁄cients for water,
DH2O, are introduced to account for di¡erences in viscosity in
the di¡erent solutions. Calculations were carried out for mo-
tilin in the di¡erent bicelle samples (Table 3) and they indicate
that at least 90% of the peptide is bound to acidic bicelles,
whereas the same ¢gure for neutral bicelles is 84%.
The calculations for DHPC are a bit more complex since
the di¡usion rates vary strongly with the concentration
around the cmc. To correctly estimate the amount of bound
DHPC in the bicelle samples one has to consider the distri-
bution of DHPC between free, micelle-bound, and bicelle-
bound forms. In order to estimate the amount of free
DHPC, a simultaneous ¢t of the di¡usion coe⁄cients ob-
tained from the DHPC concentration series and the di¡usion
coe⁄cients measured for DHPC in the bicelle samples was
performed. This yielded an estimate of the amount of free
DHPC of V5% (Table 3) in all bicelle samples, which corre-
sponds to 10 mM.
3.3. CD spectroscopy
CD spectra were recorded for motilin in bu¡er, neutral and
acidic bicellar solutions to investigate the e¡ect of charge on
secondary structure (Fig. 1). The CD spectra show that there
appear to be subtle di¡erences in the induced secondary struc-
ture of motilin in neutral (29% K-helix) and acidic bicelles
(38% K-helix). A substantial amount of K-helix is, however,
also present for motilin in bu¡er. These results show that
motilin interacts with bicelles in a similar way as it does
with neutral and charged phospholipid vesicles [18], indicating
that bicelles indeed provide a realistic membrane environment
for the peptide.
3.4. Motilin^bicelle positioning studies
The position of motilin with respect to the bicelles was
investigated by observing the e¡ects on HN-HK cross-peaks
in TOCSY spectra after the addition of paramagnetic probes
(Fig. 2). Mn2þ ions were added to solutions of motilin with
and without bicelles and the e¡ect of the paramagnetic ions
were much weaker without bicelles. Clear peak broadening
e¡ects on the peptide signals were observed in bicellar solu-
tion at 250 WM Mn2þ, while the e¡ects of 1.5 mM Mn2þ on
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Fig. 1. CD spectra of motilin in bu¡er (dashed line), DMPC/DHPC
bicelles (q=0.5) (thin solid line), and DMPC,DMPG/DHPC bicelles
(q=0.5, [DMPG]/([DMPC]+[DMPG])= 0.3) (thick solid line) at
25‡C.
Table 3
Fraction of bicelle-bound motilin and DHPC in bicelles
Sample Motilin (% bound) DHPC (% bound)
Motilin in acidic bicelles 90 94
Acidic bicelles 84 95
Motilin in neutral bicelles 94
Neutral bicelles 95
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Fig. 2. The relative e¡ects of paramagnetic probes on HN-HK
TOCSY cross-peaks for motilin in acidic bicelles (q=0.5, [DMPG]/
([DMPC]+[DMPG])= 0.3) are displayed. The values are normalized
to give the least a¡ected peak a value of 1. Overlapping peaks and
the presence of Pro explain the absence of some residues. The solid
lines indicate the average e¡ect on motilin. A: The e¡ect of 250 WM
Mn2þ on peak height. B: The e¡ect of 1 mM palmitoyl-stereoyl(5-
doxyl)-sn-glycero-3-phosphocholine on peak height.
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motilin in bu¡er were minimal. This might be explained by
electrostatic attractions between the Mn2þ ions and the neg-
atively charged bicelles. Mn2þ was seen to have no e¡ect on
signals from the aliphatic side chains of the phospholipids.
The e¡ect of 250 WM Mn2þ on the HN-HK cross-peaks in
the TOCSY spectrum shows that Asn19 and Gln22 were the
most a¡ected residues (Fig. 2A). At higher concentrations a
more general broadening e¡ect was seen.
Signi¢cant e¡ects of 1 mM 5-doxyl-labeled phospholipid
were observed on the peptide resonances. The HN-HK cross-
peaks belonging to residues Phe1^Tyr7, corresponding to the
N-terminal turn region, completely vanish (Fig. 2B) while
leaving the C-terminal residues more or less una¡ected.
4. Discussion
Di¡usion experiments were performed to investigate the
amount of bicelle-bound and free motilin in the di¡erent bi-
celle solutions. The results for the bicelles themselves show
that the di¡usion in q=0.5 bicelles (Dobs = 3.0^3.3U10311
m2/s) is around twice as fast as what has previously been
seen in q=3.2 isotropic bicelles [15] (1.4U10311 m2/s). This
is reasonable considering the di¡erences in size, although a
direct comparison is di⁄cult due to the increasing in£uence
of bicelle shape with increasing q value.
The amount of free DHPC in solution might a¡ect the
observed binding coe⁄cients for motilin to both acidic and
neutral bicelles, depending on whether it is above or below the
cmc. To correctly account for this we measured separately the
di¡usion constants for DHPC at di¡erent concentrations, and
the amount of free DHPC in the bicellar solutions was esti-
mated from these data (Table 3). The calculated amount of
free DHPC in all bicelle solutions is approximately 10 mM,
which is below the cmc [16]. This is in agreement with what
has previously been found, although under di¡erent experi-
mental conditions [1], and shows that the DHPC solubility is
not in£uenced by bicelle charge, or the addition of motilin.
Turning to the results for motilin, the di¡usion experiments
show that a large amount of peptide is bound to both the
acidic (90%) and the neutral bicelles (84%), although motilin
seems to be somewhat more attracted to negatively charged
surfaces. Interestingly, much slower overall dynamics and
somewhat higher order parameters were found for motilin
in acidic bicelles than what was observed in neutral bicelles
[7] and clearly, these large di¡erences in dynamics data cannot
entirely be explained by di¡erent amounts of bicelle-bound
peptide. Instead it is likely that motilin interacts di¡erently
with the neutral bicelle, in which the peptide is more £exible.
In addition, CD shows that there are di¡erences in the in-
duced secondary structure of motilin in neutral and acidic
bicelles (Fig. 1). The combined results show that there are
dynamic and structural di¡erences for motilin bound to acidic
and neutral bicelles, which cannot be explained by large di¡er-
ences in a⁄nity for the two bicellar systems.
Another interesting observation in the di¡usion experiments
was that motilin seems to reduce the apparent bicelle size. The
di¡usion of the bicelles is faster when motilin is present. This
can clearly not be explained by a change in DHPC solubility,
since all bicelle samples were shown to contain the same
amount of free DHPC. However, it might be explained if
motilin acted as a surfactant molecule, i.e. bound to the bi-
celle rim, to in e¡ect increase the amount of detergent mole-
cules available for the formation of the bicelle rim, which
would theoretically lead to the formation of smaller bicelles.
However, this is in contrast to the somewhat weaker interac-
tion between motilin and neutral bicelles suggested both by
the present di¡usion measurements and CD results and by
previous relaxation measurements [7] and investigations in
neutral and charged vesicles [18]. The faster di¡usion can,
however, also be explained by motilin in£uencing the shape
of the bicelle. Finally, a change in distribution of bicelle size
upon motilin binding might also in£uence the DMPC di¡u-
sion constant. Considerations concerning the bicelle size dis-
tribution can be made in analogy with Haﬁkansson et al. [19],
and a larger standard deviation in the distribution is found to
give a smaller apparent di¡usion coe⁄cient. The present data
would suggest that motilin reduces the bicelle size distribution,
and from a physical perspective this would imply that motilin
stabilizes the bicelle structure. The presence of distributions in
bicelle size has previously been discussed by Arnold et al. [20]
where it was shown that indeed a range of bicelle sizes is seen.
Although it is not clear what is causing the bicelles to appar-
ently become on average smaller, it is interesting that motilin
alters the bicelles, an e¡ect most likely related to a change in
the shape or distribution of bicelle size.
There are several methods for investigating the position of a
peptide relative to a micelle or bicelle, such as amide ex-
change, observation of peptide-phospholipid nuclear Over-
hauser e¡ects [21], studies in ordered bicellar systems [22],
and the use of paramagnetic probes inserted at di¡erent posi-
tions within the bicelle [23]. We have chosen to use the latter,
and Mn2þ ions were used to investigate the acidic bicelle sur-
face, or head-group region, and a phospholipid labeled with a
doxyl group in the ¢fth position in the fatty acid chain was
used to probe the bicelle interior. The results, mapped on the
motilin structure in acidic bicelles, are shown in Fig. 3. The
N-terminal residues of motilin, including a hydrophobic turn
in the structure [7], clearly insert into the bicelle interior, as
the cross-peaks from residues in this region are greatly re-
Fig. 3. The e¡ects of paramagnetic probes on HN-HK TOCSY
cross-peaks mapped onto the motilin backbone structure in acidic
bicelles. Black-colored residues are signi¢cantly a¡ected by the
5-doxyl spin label and white-colored residues are a¡ected by the
Mn2þ ions. Gray color indicates that the residues are not a¡ected
signi¢cantly by either of the paramagnetic probes. The coordinates
were obtained from the PDB (accession code 1LBJ).
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duced, or even disappear at low concentrations of the 5-doxyl-
labeled phospholipid. The combined results from the two
probes suggest that the helix in motilin resides close to the
surface of the bicelle while the N-terminus inserts into the
bicelle interior. This ¢ts very well with the distribution of
hydrophobic residues seen in the structure of motilin in acidic
bicelles [7]. The N-terminal part has been reported to be in-
volved in the interaction with the receptor [24] and is shown
here to be important in the membrane interaction. In similar
investigations of motilin in SDS micelles, the e¡ects of the
probes were smaller [6], with signals still remaining at higher
concentrations. Thus, there appear to be subtle di¡erences
between the position of motilin in SDS micelles and that in
acidic bicelles, which may be important in the understanding
of how motilin interacts with a real biological membrane.
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